of acetovanillone at 4 position by C2H3Cl and S-adenosyl[methyl-2lH3Jmethionine was monitored in whole mycelia of Phanerochaete chrysosporium in the presence and absence of S-adenosylhomocysteine. Both the amount of the methylation product, 3,4-dimethoxyacetophenone, and the percent C2H3 incorporation into the 4-methoxyl group of the compound were determined. The results strongly suggest the presence of biochemically distinct systems for 0 methylation of acetovanillone utilizing S-adenosylmethionine and chloromethane, respectively, as the methyl donor. The S-adenosylmethionine-dependent enzyme is induced early in the growth cycle, with activity attaining an initial maximum after 55 h of incubation. Methylation by this enzyme is totally suppressed by 1 mM S-adenosylhomocysteine over almost the entire growth cycle.
Chloromethane (CH3Cl), a gaseous natural product released by many species of the family Hymenochaetaceae, a widespread family of wood-rotting bracket fungi, has a metabolic role in the biosynthesis of methyl esters of aromatic acids by these fungi (11, 15) . The utilization of CH3C1 as an endogenous methyl donor is not confined to fungi which emit CH3C1 but can occur in other widely studied lignin-degrading fungi such as Phanerochaete chrysospoium, Coriolus versicolor, and Phlebia radiata, none of which releases gaseous CH3Cl at any stage of growth (9) . Presumably, such fungi possess a tightly channelled system in which CH3C1 biosynthesis is so closely coupled to utilization that release of gaseous CH3Cl never occurs. In these species, CH3Cl has been shown to act as a precursor of the methoxyl groups of veratryl alcohol (3,4-dimethoxybenzyl alcohol) (9), a secondary metabolite believed to have a key role in fungal lignin degradation. Veratryl alcohol has been reported to increase the level of ligninolytic enzymes in P. chrysosponum (6, 8, 14) and to be a substrate for lignin peroxidase, which is a major component of the fungal ligninolytic system (2, 13) . The oxidation of monomethoxylated aromatic compounds, normally poor substrates for lignin peroxidase, is stimulated by veratryl alcohol, and it has been postulated that the compound may behave as a 1-electron redox mediator in their oxidation and in lignin depolymerization (12) . Veratryl alcohol may also prevent inactivation of lignin peroxidase (7, 17) . The extent to which CH3Cl participates in methylation * Corresponding author.
reactions in white rot fungi is still far from clear, and the biochemical rationale for its utilization in preference to the more conventional methylating agent S-adenosylmethionine (SAM) in some metabolic processes has yet to be delineated. While the ultimate origin of the methyl group of CH3Cl is now well established as the amino acid methionine (10, 18) , it has yet to be resolved whether the metabolic pathway from the compound involves SAM itself.
Here we report investigations designed to determine the relative utilization of C2H3Cl and S-adenosyl-L-[methyl-2H3] methionine ([methyl-2H3]SAM) as methyl donors in methylation of the synthetic substrate acetovanillone in whole cells and in cell extracts of P. chrysosporium at different stages of growth. Acetovanillone (3-methoxy-4-hydroxyacetophenone) is known to be readily methylated in the 4 position by ligninolytic cultures of P. chrysosponum (3) and has been shown to be a substrate for a SAM-dependent 0-methyltransferase recently isolated from the organism (4). Methylation of acetovanillone by the labelled methyl donors both alone and in combination was monitored in the presence and absence of S-adenosylhomocysteine (SAH), which is a powerful competitive inhibitor of the SAM-dependent O-methyltransferase (4) . The suppression of the SAM system by the use of SAH in this way allowed the relative contributions of SAM and CH3Cl to overall acetovanillone methylation to be accurately assessed at each stage of growth.
MATERIALS AND METHODS
Culture of fungus. P. chrysosponum (CNCMI-398) was a strain utilized by Harper et al. (9) . The ane as the bonded phase. Helium was used as the carrier gas at a flow rate of 1.5 ml min-1, and a split ratio of 20:1 was employed. After injection of the sample, the oven temperature was maintained at 100°C for 1 min and then programmed at 10°C min-' up to 160°C followed by 30°C min-' up to 300°C. To quantify DMAP, the ion currents at mle 180 and 183 were monitored and their sum at the retention time of the compound was compared with the ion current at mle 180 given by an authentic sample of the compound. The ion current at mle 150 (the molecular ion of the internal standard) was also monitored to allow appropriate adjustment to be made for incomplete recovery of DMAP. The incorporation of C2H3 into the 4-0-methyl group of DMAP at was calculated as the ratio of ion currents mie 183/(m/e 180 + mie 183) at the retention time of the compound.
Chemicals. C2H3Cl (99.9 atom% H) and S-adenosyl-L-[methyl-2H3]methionine (99.5 atom% 2H) as the p-toluenesulfonate salt were obtained from MSD Isotopes, Montreal, Quebec, Canada. Chloromethane was purchased from BDH, Poole, Dorset, United Kingdom, and S-adenosyl-L-methioninep-toluenesulfonate salt and S-adenosyl-L-homocysteine were obtained from Sigma Chemical Co., Poole, Dorset, United Kingdom. Acetovanillone, 4-methoxyacetophenone, and DMAP were acquired from Aldrich Chemical Co., Gillingham, Dorset, United Kingdom. N-Methyl-N-trimethylsilyl trifluoroacetamide reagent was obtained from Pierce Chemical Co., Rockford, Ill.
RESULTS
Time course and pH dependence of acetovanillone methylation in whole mycelia. The development of a reliable assay for SAM-dependent and CH3Cl-dependent acetovanillone methylation activities in whole mycelia necessitated an initial investigation of the time course and pH dependence of methylation by both methyl donors. Figure 1 shows SAMand CH3Cl-dependent methylation in mycelia of P. chrysosporium harvested after 60 h of growth and assayed at pH 6.5. Endogenous methylation in the absence of added methyl donor is also recorded. It is clear that the rate of methylation is linear over at least 4 h in the presence of both CH3Cl and SAM. CH3Cl-dependent methylation cannot be attributed to a stimulation of endogenous SAM-dependent methylation by CH3Cl, since when the experiment was conducted with C2H3C1, the methylated product, DMAP, exhibited high levels of C2H3 incorporation. After 15 min of incubation, 62% C2H3 incorporation was observed, and a plateau value of 70% was attained within 1 h.
The pH optimum for SAM-dependent methylation by whole mycelia was found to be 7.5 to 8.0, a value consistent with the pH optimum (pH 7 to 9) shown by the SAMdependent 0-methyltransferase previously purified from P. chrysosponum (4) . In contrast, the optimum pH for CH3Cl-dependent methylation, pH 6.0, was significantly lower. As it was considered vital that, in further comparative experiments with the two systems in whole mycelia, the relative activities should be measured under identical conditions, a pH of 6.5 systems was chosen for routine assay of both SAM-and CH3Cl-dependent methylation. At this compromise pH, the CH3Cl-dependent system possessed 60% of the activity displayed at its pH optimum, while the SAM-dependent system manifested 50% of the activity exhibited at its pH optimum.
Growth and 4-0-methylation activity in whole mycelia. Acetovanillone-methylating activity was measured at various stages of growth with different 2H-labelled methyl donors. Growth of the fungus, measured as mycelial dry weight, is shown in Fig. 2 , and the changes in SAM-and CH3Cl-dependent methylating activities are recorded in Fig.  3a . The experiment was also performed in the presence of identical concentrations of unlabelled methyl donors, but as no significant differences were observed in these methylating activities compared with those of the labelled compounds, only the results for the labelled compounds are recorded in Fig. 3a . Methylating activities were also measured in the presence of 1 mM SAH (Fig. 3b) . This compound had previously been shown to be a powerful competitive inhibitor of the SAM-dependent 0-methyltransferase present in P. chrysosporium, with a Ki of 41 ,uM (4). Figure 4a and record the incorporation of C2H3 into the 4-0-methyl group of DMAP at formed in the experiments shown in Fig. 3a and b. Figure 3a clearly shows the activity of the SAM-dependent methylating system reaching a peak after 55 h of incubation, coincident with the early exponential growth phase of the fungus. Activity then falls slightly over the next 20 h before it rises again as the fungus approaches the stationary phase and sporulation commences. In contrast, CH3Cl-dependent methylation attains a somewhat lower maximum about 20 h later than the SAM-dependent peak, coincident with the mid-growth phase of the fungus. Activity remains at this plateau value for about 30 h before it falls as the fungus enters the stationary phase. After 70 h of growth, when the CH3Cl-dependent system is at maximum activity, the relative rates of methylation displayed by the SAM-and CH3Cl-dependent systems assayed at pH 6. The levels of C H3 incorporation into the 4-0-methyl group of DMAP at C4 from both [methyl-2H3]SAM and C2H3C1 during growth lend support to the theory that the CH3Cl-and SAM-dependent methylation systems are quite distinct biochemically (Fig. 4a) . High leVels of C2H3 incorporation from [methyl-H31SAM were measured during the early stages of growth, when the activity of the SAMutilizing system was high. However, incorporation fell dramatically as the activity of the endogenous CH3Cl-utilizing system increased, effectively enhancing the ratio of unlabelled to labelled methyl donor used in the cell. Conversely, C2H3 incorporation from C2H3Cl was low during early growth and rose to a maximum of more than 60% after 72 h, exhibiting a strong correlation with the activity of the CH3Cl-dependent methylating system. The C2H3 incorporation observed from a C2H3Cl-[methyl-2H3]SAM mixture remained high throughout growth but did not attain 100%, a finding explicable in the terms of label being diluted by the presence of unlabelled product generated from endogenous methyl sources, probably mainly CH3C1, in view of the background methylation pattern shown in Fig. 3a . The apparent availability of endogenous CH3C1 also explains why the level of C2H3 incorporation in the presence of exogenous C2H3Cl alone never reached the level achieved in the presence of [methyl-2H3]SAM alone.
The activity of the SAM-dependent methylating system was almost completely inhibited by SAH, with the amount of DMAP formed at all stages of growth virtually indistinguishable from the background levels of methylating activity in the absence of added methyl donor (Fig. 3b) . In contrast, the presence of SAH had very little effect on acetovanillone methylation by the CH3Cl-utilizing system. Indeed, the maximum rate of CH3Cl-dependent methylation was approximately 13% greater in the presence the methyl donor, the presence of SAH caused a significant decrease in the rate of methylation and the levels of DMAP formed became virtually identical to those observed when C2H3C1 alone was present as the methyl donor.
The selective inhibition of the SAM-dependent system by SAH is even more graphically illustrated by the effect of the compound on the C2H3 incorporation patterns. In the presence of the inhibitor, the incorporation from [methyl-2H3]SAM fell from 85 to 15% at 41 h, and it was completely eliminated at later stages of growth. In contrast, the maximum C2H3 incorporation level from exogenous C2H3Cl observed in the mid-growth phase was not significantly altered by SAH, and, indeed, the percent C2H3 incorporation was higher in early growth and in the late-exponential phase as a result of C2H3C1 supplanting SAM as the source of methyl groups for acetovanillone methylation. In accordance with these observations, C2H3 incorporation from the were also examined (Fig. 5) . In both the presence and absence of SAH, the general patterns of incorporation from C2H3Cl-SAM and CH3Cl-[methyl-2H3]SAM were similar to those observed when C2H3C1 and [methyl-2H3]SAM, respectively, were utilized separately as methyl donors. However, the enhanced product formation associated with the presence of the unlabelled alternative methyl donor led inevitably to a significant decrease in the extent of incorporation. In the absence of SAH, incorporation from CH3Cl-[methyl-2H3]SAM was initially high at 88% during the early growth phase, when the SAM-dependent but not the CH3Cl-dependent methylation system was active. Predictably, the subsequent decline in C2H3 incorporation as the latter system developed was more pronounced than that with [methyl-2H3]SAM alone as the methyl donor. C2H3 incorporation from the C2H3C1-SAM combination was at all stages of growth lower than that obtained with C2H3Cl alone, reflecting the fact that even at peak activity of the CH3Cl-utilizing system, there is still substantial SAM-dependent methylating activity present in the mycelia. Nevertheless, the reciprocal relationship between the incorporation patterns obtained with the two methyl donor combinations is clearly apparent, and the experiment provides unambiguous confirmation of the peak in activity of the CH3Cl-dependent methylation system at 72 h. When the percents incorporation found with the two methyl donor combinations were summed, overall incorporation was almost identical at all stages of growth to that shown in Fig. 4a for the C2H3Cl-[methyl-H3]SAM combination, an observation providing convincing evidence of the internal consistency of the experimental results. In the presence of SAH, no C2H3 incorporation from CH3Cl-[methyl-2H3JSAM was detected but a dramatic increase in the percent C2H3 incorporation from C2H3CI-SAM was recorded, with levels found being very similar to those noted with C2H3C1 alone, confirming the conclusions from Fig. 4b and Sb that the SAM-dependent methylating activity is completely suppressed by SAH, while CH3Cl-dependent activity is unaffected.
4-0-methylation activity in cell extracts. Cell extracts of mycelia harvested at various stages of growth were assayed for 4-0-methyltransferase activity at C-4 utilizing acetovanillone as the substrate and either C2H3Cl or SAM as the methyl donor. There was no evidence of CH3Cl-dependent methylation in such extracts at any stage of growth, implying that the system either is highly labile, perhaps membrane bound, or requires an as-yet-unidentified cofactor. On the other hand, substantial SAM-dependent methyltransferase activity was present in cell extracts after 41 h and increased over the following 30 h, briefly levelling off at 72 h before rising again in the late growth phase (Fig. 6) . A comparison of Fig. 6 with Fig. 3a demonstrates that O-methyltransferase activity in cell extracts in general correlates quite well with SAM-dependent methylation in whole mycelia, although in the cell extracts the initial peak of activity during early growth seems much less pronounced than and somewhat delayed compared with that observed with whole mycelia. However, it must be borne in mind that the activity of the SAM-utilizing methylation system is critically dependent on the ratio of SAM to SAH. The decline in the activity of the system in whole mycelia between 52 and 72 h may be a reflection of an increase in the intracellular pool of SAH at a time when the rate of uptake of SAM (and hence the intracellular concentration) remained relatively constant.
These circumstances would lead to a decrease in the ratio of SAM to SAH in the cell and an apparent fall in the SAMdependent methylation activity recorded. In contrast, in cell extracts the concentration of SAM remains high, ensuring that despite possible increases in SAH concentration, inhibition remains minimal.
DISCUSSION
The results reported here provide compelling evidence for the existence of two biochemically distinct systems for 0 methylation of acetovanillone by P. chrysosponum, one route utilizing SAM as methyl donor and the other utilizing CH3Cl as the methyl donor. The enzyme utilizing SAM is induced early in the growth cycle. Its activity attains an initial maximum at 55 h in the early-exponential phase before declining slightly in the mid-growth phase and then rising again as sporulation commences in the late-growth phase. This SAM-dependent O-methyltransferase is active in cell extracts from which the enzyme has been purified and characterized, as reported by Coulter et al. (4) , who showed that it could attack a range of 2,4-disubstituted phenols and that it was strongly inhibited by SAH. The latter observation suggested the use of SAH as a biochemical probe for the identification of SAM-dependent methylation in whole mycelia. In the experiments described in this paper, complete suppression of SAM-dependent methylation over almost the 
